ABSTRACT Patients with DDD pacemakers who have intact retrograde conduction are known to be at risk of developing ventricular and "endless loop" tachycardia. To address this problem, a pacing protocol was designed in which V2A2 conduction was assessed in 16 patients during ventricular pacing alone (standard method) and during paced atrioventricular (AV) sequential drive (AV sequential method); the results were then compared. In eight of 16 patients who had intact retrograde conduction with both methods (group 1), the V2A2 intervals were significantly shorter (by 60 to 340 msec) with the AV sequential method. In the remaining eight patients, who demonstrated V2A2 block with the standard method, no V2A2 block occurred with the AV sequential method. In this study, two sets of AV intervals were programmed to produce collision of the two impulses (atrial and ventricular), either in the AV node or the His-Purkinje system (HPS). The site of V2A2 facilitation was related to the site of impulse collision. These results can be explained by earlier excitation by the atrial impulse (of AV node and/or HPS) during AV sequential pacing. However, in some cases it was evident that antegrade propagation of the atrial impulse was responsible for subsequent facilitation. The data suggest that assessment of retrograde conduction in candidates for DDD pacemakers can be made most accurately by the AV sequential method. Circulation 68, No. 1, 23-32, 1983. RESTORATION of normal atrioventricular (AV) synchrony in patients who need permanent pacing is not a new idea. ' However, the development of stable transvenous atrial electrodes2' has rekindled interest in AV sequential pacing. Programmable pacemakers capable of pacing and seinsing both the atrium and ventricle are now available,4 and one highly desirable feature of such pacemakers is the ability to sense the physiologic variations of atrial rate and to pace the ventricle accordingly, i.e., to accomplish atrial tracking (as in DDD, VDD, and VAT modes). The major clinical problem with these devices has been the development of pacemaker tachycardias. These are usually initiated by a premature ventricular beat (PVB), which produces a retrograde P wave. This is sensed and commits the pacemaker to stimulate the ventricle, which in turn produces another retrograde P wave, closing the "loop" and thereby initiating an "endless loop" tachycardia.5-7 A more serious arrhythmia develops when the paced ventricular beat (after a sensed retrograde P wave) falls in the vulnerable period of the initiating PVB, resulting in ventricular tachycardia.8 These complications have led some authors to suggest that intact retrograde (ventriculoatrial, VA) conduction should be considered a relative contraindication for the use of these pacemakers.9 Since intact VA conduction is found in more than 75% of patients receiving constant cycle length ventricular pacing or programmed premature ventricular stimulation,'0 many patients could be denied the use of these versatile pacemakers. Furthermore, the physiologic behavior of VA conduction in AV sequential pacing has never been systematically studied in man and such recommendations may be premature.
RESTORATION of normal atrioventricular (AV) synchrony in patients who need permanent pacing is not a new idea. ' However, the development of stable transvenous atrial electrodes2' has rekindled interest in AV sequential pacing. Programmable pacemakers capable of pacing and seinsing both the atrium and ventricle are now available,4 and one highly desirable feature of such pacemakers is the ability to sense the physiologic variations of atrial rate and to pace the ventricle accordingly, i.e., to accomplish atrial tracking (as in DDD, VDD, and VAT modes). The major clinical problem with these devices has been the development of pacemaker tachycardias. These are usually initiated by a premature ventricular beat (PVB), which produces a retrograde P wave. This is sensed and commits the pacemaker to stimulate the ventricle, which in turn produces another retrograde P wave, closing the "loop" and thereby initiating an "endless loop" tachycardia.5-7 A more serious arrhythmia develops when the paced ventricular beat (after a sensed retrograde P wave) falls in the vulnerable period of the initiating PVB, resulting in ventricular tachycardia. 8 These complications have led some authors to suggest that intact retrograde (ventriculoatrial, VA) conduction should be considered a relative contraindication for the use of these pacemakers. 9 Since intact VA conduction is found in more than 75% of patients receiving constant cycle length ventricular pacing or programmed premature ventricular stimulation,'0 many patients could be denied the use of these versatile pacemakers. Furthermore, the physiologic behavior of VA conduction in AV sequential pacing has never been systematically studied in man and such recommendations may be premature.
To more clearly understand this problem, a systematic study of retrograde conduction during AV sequential pacing was undertaken. A protocol was designed in which the VA conduction of a programmed premature beat (V2) could be analyzed with AV sequential pacing rather than with the conventional method of ventricular pacing followed by V2. Pacing the atria and ventricles in a sequential manner produces a collision of two wave fronts in the AV conduction system; therefore, the effect of such a collision at two levels, i.e., the AV node and the His-Purkinje system (HPS), on subsequent conduction of V2 was also evaluated. To assess this effect, we changed the level of collision by altering the programmed AV intervals. Methods
Our patients were selected from those undergoing electrophysiologic studies in our laboratory for a variety of cardiac arrhythmias. None of the patients had AV nodal reentrant tachycardias or accessory pathways. The procedure was explained to all patients and signed consent was obtained. We studied 16 consecutive patients (10 men and six women), ages 29 to 89 years (mean 56.5 ± 15.3), who had intact retrograde conduction during the basic ventricular drive. All of these patients were in sinus rhythm and had narrow QRS complexes (< 0.12 sec), except two who had right bundle branch block. None was on cardioactive medication at the time of study.
Electrophysiologic studies were performed with patients in the nonsedated, postabsorptive state. After local anesthesia, quadripolar electrode catheters were percutaneously introduced through antecubital and femoral veins and positioned under fluoroscopic guidance. The catheter in the region of tricuspid valve permitted recording of His bundle potential, and those in high right atrium and right ventricle recorded local electrograms and were also used for electrical stimulation. '0 II The intracardiac electrograms (filtered at 30 to 500 Hz), the surface electrocardiograph leads, and time lines were simultaneously displayed on a multichannel oscilloscope (Model VR-16; Electronics for Medicine) and recorded on a magnetic tape (Model 101, Honeywell). For analytic and illustrative purposes, recordings were subsequently reproduced on photographic paper at 100 or 150 mm/sec. 4l'Y Intracardiac electrical stimulation was performed with a custom-designed DTU IOIMS digital stimulator (Bloom Associates Ltd., Narberth, PA) capable of delivering premature stimuli after a basic drive of AV sequential pacing, with adjustable AV interval. Patients were isolated from electric shock and all equipment was grounded.
In all patients the retrograde conduction of the PVB was assessed with two pacing protocols.
Standard method ( figure 1, A) . This method is routinely used to evaluate retrograde conduction. The right ventricle was paced at a basic cycle length (500 to 700 msec) for 6 to 8 beats and a premature ventricular stimulus (S2) was introduced at progressively shorter coupling intervals until a ventricular response was no longer elicited. The VA conduction time (V2A2) was measured at all coupling intervals during which V2 produced an A2 response. The retrograde conduction time through the HPS (V2H2) and AV node (H2A2) was measured after the emergence of retrograde H2 deflection from the V2 electrogram. When V2 was blocked (i.e., no A2) before emergence of H2, the retrograde site of block (AV node or HPS) was confirmed by the programming of an atrial beat after the V2.'2 AV sequential method (figure 1, B and C). In this protocol the basic drive of the standard method was substituted with an AV sequential drive of 6 to 8 beats at the same cycle length as used in the standard method. The premature ventricular stimulus was introduced at similar and progressively shorter coupling intervals until ventricular muscle refractoriness, and retrograde conduction time was measured as described above. During AV sequential pacing the His bundle can be activated either by the paced atrial or ventricular impulse, producing a collision of the two impulses either in the HPS or the AV node. The site of such a collision depends on the programmed AV interval and on the inherent conduction properties of the AV node and the HPS. If the AV interval is programmed so that the atrial impulse polarizes the His bundle (the AH interval during AV sequential pacing is the same as that during atrial pacing alone), then the collision of the atrial and ventricular wavefronts deflection was recognized during ventricular pacing, the VH interval was measured from the corresponding stimulus artifact to the beginning of the retrograde His bundle deflection, and the HA interval was measured from the beginning of the His bundle deflection to the onset of the low atrial electrogram. For antegrade conduction, the SIHI interval was measured from the corresponding atrial stimulus artifact to the onset of His bundle deflection.
Statistical analysis was done with a paired t test.
Results
V2A2 conduction. A comparison of V2A2 conduction during both pacing methods revealed two patterns. To simplify presentation of the results, the two patterns are presented separately in table 1. Group 1. This group of eight patients had intact retrograde conduction at all coupling intervals; the V2 produced an A2 response at all V1V2 intervals up to the effective refractory period of the ventricular muscle during the standard method. AV sequential pacing pro- figure 5, A and C) . Note that the His bundle activation in figure 5 , C, results from the atrial impulse. The S11HI interval during atrial pacing shown on the right side of figure 5 , B, is the same as S, H, during the AV sequential drive in figure 5 , C, and shows that the collision of A and V impulses occurred below the His bundle. In three of the 14 patients, V2H2 intervals could be directfy measured and were shorter with AV sequential drive (table 3A). In 11 of the remaining 13 patients, the V2H2 intervals after collision in HPS were so short that the retrograde H2 never cleared the end of the V2 electrogram. In all these cases the measurement was taken from the stimulus artifact to the end of the V2 electrogram, and the actual value of V2H2 was less than this measured value. These derived values were then used for comparison with V2H2 obtained during standard pacing. Thus the decrease in V2H2 could only be approximated as greater than a certain value, as shown in table 3B. In the remaining two patients (Nos. 10 and 16) a comparison of V2H2 could not be made, since both had a persistent block in the HPS with the standard method and since no V2A2 block occurred after HPS collision. During the collision, the retrograde H2 did not emerge from the V2 electrogram.
The retrograde conduction through the AV node was also facilitated in all patients with HPS collision, including the eight (patients 9 to 16) who had an H A block during standard pacing. In two of the remaining eight patients a decrease in H2A2 was directly demonstrable, with a decrease equal to or greater than that seen with AV nodal collision (figure 5, B and C). In six of eight patients, the change in H2A2 could not be measured because H2 never emerged from the local ventricular electrogram.
Bundle branch reentry (BBR). In six of 16 patients BBR was repeatedly observed with the standard method. In five of these six patients the BBR was abolished with AV sequential pacing, causing collision in the HPS; BBR occurred at shorter V12 intervals in the remaining patient. Neither the time of onset nor the zone of BBR changed when the site of collision was in the AV node.
Discussion
This study demonstrates that facilitation of retrograde conduction occurs after AV sequential pacing and that the magnitude of facilitation in V2A2 conduction is greater at a shorter V1V2 interval. Interestingly, the degree of refractoriness needed to cause retrograde block in the AV conduction system after AV sequential pacing (particularly with the longer programmed AV interval) was never achieved in this study. tegrade and retrograde activation of the AV node can facilitate intranodal conduction of subsequent atrial and/or ventricular impulses.'3' 14 It has been proposed that this simultaneous dual excitation of the AV node shortens total activation time and results in earlier recovery and facilitation of subsequent impulse conduction. Facilitation of V2A2 conduction after an AV sequential drive may therefore be ascribed to similar mechanisms. For example, after collision of impulses in the AV node or HPS, the V2 may progressively encounter more recovered tissue above the level of collision (figure 6, A and B) . This can be attributed to earlier excitation of the AV node and HPS by the atrial impulse, with subsequent earlier recovery. Thus the V2 impulse may not reach the area of refractoriness (above the level of collision) with the same degree of prematurity as with ventricular pacing alone.
It can also be argued that the improvement in conduction of V2 in the HPS or AV node may be secondary to collision of impulses in these two tissues. 15 However, the fact that facilitation of retrograde AV nodal conduction occurs after collision in the HPS, a phenomenon repeatedly observed in this study, clearly suggests that other mechanisms must be operating.
In several patients it was observed that neither the earlier excitation of the AV node by the atrial impulse nor intranodal collision was responsible for shortening of the H2A2 interval. The mechanism of earlier excita- Similarly, intranodal collision of impulses was not thought to be the cause, since similar facilitation was seen with HPS collision. Figure 7 , A, shows that V2 blocks in the AV node at a V1V2 interval of 520 msec, and even though the H, and H2 are not identifiable, the corresponding HIH2 value is greater than 520 msec.
During collision in the HPS (figure 7, C), despite a shorter input into the AV node with AV sequential pacing (i.e., the S H2 in C < HH2 in A), there was relatively rapid H2A2 conduction. Figure 7 , B, which shows intranodal collision, also demonstrates H2A2 facilitation similar to that in C. These findings strongly suggest that antegrade intranodal propagation of the impulse caused the abolition of H2A2 block, since neither earlier excitation nor collision in the AV node can explain this observation. Therefore it seems logical that one of the mechanisms for facilitation of retrograde AV nodal conduction is prior antegrade activation of the AV node. Although prior antegrade activation of HPS may also have caused shorter V2H2 after collision in the HPS, it cannot be conclusively proved from the available data. Questions can be raised concerning the use, in some cases, of relatively shorter AV delays of 0 to 100 msec, which are not generally programmed at the time of implantation of the permanent device. However, since the spontaneous PR conduction and corresponding AV nodal and HPS conduction may vary markedly among patients, a collision in the AV node or HPS can occur in any programmed AV delay depending on the AH and HV values in individual cases. Furthermore, factors that influence AV nodal conduction, i.e., depression with drugs such as digitalis or enhancement caused by sympathetic stimulation, can change the level of collision. Therefore the results of this study are directly relevant to virtually all patients using such physiologic pacemakers.
It must be stressed that patients who showed no evidence of intact VA conduction during pacing at several basic cycle lengths were excluded from this study. Although the reversible nature of "no VA conduction" has been previously demonstrated with atropine, 7 it is yet to be determined whether AV sequential pacing will have such a facilitative effect on retrograde conduction in these patients.
